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Abstract
We study extensions of the Standard Model with general new vector bosons.
The full Standard Model gauge symmetry is used to classify the extra vectors
and constrain their couplings. We derive the corresponding effective Lagrangian,
valid at energies lower than the mass of the extra vectors, and use it to extract
limits from electroweak precision observables, including LEP 2 data. We consider
both universal and nonuniversal couplings to fermions. We study the interplay
of several extra vectors, which can have the effect of opening new regions in
parameter space. In particular, it allows to explain the anomaly in the bottom
forward-backward asymmetry with perturbative couplings. Finally, we analyze
quantitatively the implications for the Higgs mass.
1 Introduction
Renormalizable extensions of the Standard Model (SM) are associated with new par-
ticles of spin 0, 1/2 or 1. Therefore, in a weakly-coupled scenario, these are the new
particles that can be expected to give the biggest signals in precision experiments and
at large colliders. In this paper we study, from a model independent point of view,
the case of new particles of spin 1, i.e. new massive vector bosons. We focus mainly
on their impact on electroweak precision data (EWPD), from which we extract the
corresponding limits on their masses and couplings. We include LEP 2 cross sections
and asymmetries in our fits, as they give important restrictions beyond the ones of
Z-pole and low-energy observables.
New vector bosons are a common occurrence in theories beyond the SM. They
appear whenever the gauge group of the SM is extended, as the gauge bosons of the
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extra (broken) symmetries. This is the case of Grand Unified Theories (GUT) [1],
including string constructions, or Little Higgs models [2]. They also occur in theories in
extra dimensions [3], when the gauge bosons propagate through the bulk [4]. Strongly-
interacting theories, such as technicolor [5, 6, 7], often give rise to spin 1 resonances.
This can be related to the previous possibilities via hidden gauge symmetry [8] or
holography [9, 10].
It is possible to classify vector bosons according to their electric charge: neutral
vector bosons, called Z ′, charge ±1 vector bosons, called W ′ and vectors with other
integer or fractional charges. On the other hand, the complete theory including the
new vectors must be invariant under the full SU(3)c ⊗ SU(2)L ⊗ U(1)Y gauge group.
This imposes additional restrictions on the allowed couplings to the SM fields, and also
implies that certain vectors must appear simultaneously and have similar masses. In
order to make use of this information in a model-independent approach, we classify in
this paper the new vectors into irreducible representations of the full SM gauge group,
and we impose the corresponding gauge invariance on the Lagrangian. We further
restrict the possible couplings by the phenomenological requirement that the effects of
the new vectors should be visible at available energies.
As a straightforward example of the implications of the complete SM gauge in-
variance, as opposed to simple conservation of electric charge, consider the case of a
sequential Z ′ boson, with couplings proportional to the ones of the SM Z boson. Such
a neutral vector boson is often included in electroweak fits and direct searches. In fact,
this vector has different couplings to the two components of the SU(2)L doublets, and
it cannot be a singlet under the SM group. Nevertheless, it can arise after electroweak
symmetry breaking as a mixture of a singlet vector and the third component of a vector
in the adjoint of SU(2)L. This is the case of models with a replica of the SM gauge
group, or in extra dimensions. Thus, gauge invariance implies that the sequential Z ′
boson necessarily comes together with two charged vectors and another neutral vector,
the γ′. All these new fields have similar masses, with splittings of the order of the
Higgs vev. Similarly, the results in this paper imply that a new charged vector boson
with sizable couplings to both leptons and quarks must be accompanied by at least
one neutral vector, with mass of the same order.
The extra vector bosons that have been most extensively studied are neutral sin-
glets, usually associated to an extra abelian gauge symmetry (see, for instance, the
review [11]). In this paper we give general model-independent1 limits on these Z ′s.
We go far beyond this particular case, and study all the representations that could in
principle give observable effects. We study the case of universal couplings to all fam-
ilies of quarks and leptons, and also cases with nonuniversal couplings. Furthermore,
we consider a few examples with more than one type of vectors, which is the actual
situation in most explicit models. We will show that the cooperation of several extra
vectors allows, in some cases, to extend the allowed regions in parameter space.
In order to analyze the implications of the new vectors at energies below their mass,
1We also give limits on some popular models to illustrate how the analyses of particular models fit
in our general framework.
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we first integrate them out and obtain the corresponding effective theory, including only
operators of dimension six. This is useful to isolate the important effects, and also to
exhibit more clearly which combinations of parameters are constrained by the data.
The accuracy of this approximation is high for masses around the TeV. The effective
Lagrangian is also helpful to study the interplay of the extra vector bosons with other
new particles of different spin, but we will not perform that sort of analysis in this
paper.
It is well known that Z ′ bosons contribute with a positive sign to the ρ parameter
(or, equivalently, to the Peskin-Takeuchi T parameter), and can be used to improve
considerably the SM fit when the Higgs boson is heavy. We will see that the same
role can be played by a hypercharged triplet. We analyze this effect quantitatively
and show that, in extensions with these two kinds of vector bosons, a Higgs heavier
than ∼ 300 GeV is allowed by EWPD. On the other hand, it turns out that charged
singlets give a negative contribution to ρ. This opens the door to cancellations of the
different contributions to this parameter. Due to this interplay between the effects of
new vector bosons and the Higgs loops in EWPD, in our fits we leave the mass of the
Higgs as a free parameter, and we include the available information from direct Higgs
searches.
The paper is organized as follows. In Section 2, we classify the different types
of extra vector bosons, and write their interactions with SM fields. In Section 3,
we integrate the new vectors out, and obtain the coefficients of the dimension-six
gauge-invariant operators in the effective Lagrangian. In Section 4 we perform fits to
EWPD and find the limits on each type of vector boson. In Section 5 we discuss the
effect on EWPD of including several types of extra vectors simultaneously. We give
some phenomenologically interesting examples with nonuniversal couplings, including
vector-boson explanations of the observed forward-backward asymmetry of the b quark.
Section 6 is devoted to an analysis of the implications for the Higgs mass. We present
our conclusions in Section 7. Finally, three appendices contain the explicit operators
and coefficients in the effective Lagrangian, plus the observables and other details of
our fits.
2 General extra vector bosons
We want to study general vector bosons beyond the ones in the SM, with the only
restrictions that they be heavier than LEP 2 energies, have perturbative couplings, and
be potentially observable by their indirect effects on precision data or as resonances
in colliders. The leading effects in EWPD arise from tree-level exchanges of just one
heavy vector boson contributing to processes with four fermions in the external legs.
This requires interactions that couple SM operators to the extra vector fields and
are linear in the latter. Clearly, the interactions should be renormalizable to avoid
further suppressions. From the point of view of the low-energy effective theory to be
discussed below, these couplings produce dimension-six operators, while interactions
3
Vector Bµ B1µ Wµ W1µ Gµ G1µ Hµ Lµ
Irrep (1, 1)0 (1, 1)1 (1,Adj)0 (1,Adj)1 (Adj, 1)0 (Adj, 1)1 (Adj,Adj)0 (1, 2)− 3
2
Vector U2µ U5µ Q1µ Q5µ Xµ Y1µ Y5µ
Irrep (3, 1) 2
3
(3, 1) 5
3
(3, 2) 1
6
(3, 2)− 5
6
(3,Adj) 2
3
(6¯, 2) 1
6
(6¯, 2)− 5
6
Table 1: Vector bosons contributing to the dimension-six effective Lagrangian. The
quantum numbers (Rc, RL)Y denote the representation Rc under SU(3)c, the repre-
sentation RL under SU(2)L and the hypercharge Y (normalized such that the electric
charge is Q = Y + T 3).
with more than one new vector field in the same operator—and nonrenormalizable
interactions—give rise to operators of higher scaling dimension. Moreover, vectors
with linear interactions can be singly produced, and have the best chances of being
observed at colliders.
The requirement of linear renormalizable couplings, together with Lorentz symme-
try and invariance under the full SM gauge group, constrain the possible quantum
numbers of the new vectors. In Table 1, we give the quantum numbers for the 15
irreducible representations of vector fields that can have linear and renormalizable in-
teractions. This table also introduces our notation for each class of vector boson, which
is partly inspired by the usual notation for SM fields. Note that the representations
with nonvanishing hypercharge are complex.
For our purposes, it is not important whether the new vector bosons are the gauge
bosons of a broken extended gauge group or not. Nevertheless, it is interesting to note
that all the types of vector bosons in Table 1 can in principle be obtained as the gauge
bosons of an extended gauge group broken down to the SM. We give explicit examples
of the corresponding symmetry breaking patterns in Table 2. Models with bigger gauge
groups usually incorporate new fermions, which in particular are necessary to cancel
anomalies. Here, we will assume that these exotic fermions, if they exist at all, do
not contribute to EWPD. At any rate, in our general low-energy formulation, we only
impose the SM gauge invariance, and the absence of anomalies does not impose any
restriction on the couplings of the new vectors to the SM fermions. As indicated in
Table 2, some of these vector bosons—an infinite number of each type, actually—
also appear in extra-dimensional theories when the gauge bosons of the corresponding
SM group factor propagate in the bulk. In fact, the pattern of symmetry breaking
in these cases is essentially a generalization of the one shown in the table, as can be
best understood by dimensional deconstruction [13]. Other kinds of vectors can also
appear in this context as well, when the higher-dimensional gauge group is bigger.
We should also point out that the representations U2,5, Q1,5 and X correspond to the
vector leptoquarks classified by Buchmu¨ller, Ru¨ckl and Wyler in [14].
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Vector Model
Bµ U(1)′, Extra Dimensions
B1µ SU(2)R ⊗ U(1)X → U(1)Y
Wµ SU(2)1 ⊗ SU(2)2 → SU(2)D ≡ SU(2)L, Extra Dimensions
W1µ SU(4)→ U(1)⊗ (SU(3)→ SU(2))
Gµ SU(3)1 ⊗ SU(3)2 → SU(3)D ≡ SU(3)c, Extra Dimensions
G1µ SO(12)→ (SO(8)→ SU(3)) ⊗ (SU(2)⊗ SU(2)→ SU(2)D → U(1)Y )
Hµ SU(6)→ SU(3) ⊗ SU(2)
Lµ G2 → SU(2)⊗ (SU(2)→ U(1)Y )
U2µ, U5µ SU(4)→ SU(3)⊗ U(1)
Q1µ, Q5µ SU(5)→ SU(3)c ⊗ SU(2)L ⊗ U(1)Y
Xµ SU(6)→ U(1)⊗ SU(3) ⊗ (SU(3)→ SU(2))
Y1µ, Y5µ F4 → SU(3) ⊗ (SU(3)→ SU(2) ⊗ U(1))
Table 2: Examples of symmetry breaking patterns giving rise to each type of vectors
bosons in Table 1 [12]. Generating the right Weinberg angle and accommodating the
matter fields requires, in some cases, an extension of the gauge groups in this table and
a more involved pattern of symmetry breaking.
Once the field content of the theory has been established, we proceed to construct
the most general renormalizable theory invariant under SU(3)c⊗SU(2)L⊗U(1)Y . The
Lagrangian has the form
L = LSM + LV + LV−SM + nonlinear, (1)
where LSM is the SM Lagrangian, LV contains the quadratic terms for the heavy vector
bosons (with kinetic terms covariantized with respect to the SM group) and LV−SM
contains the possible interaction or kinetic terms formed as products of SM fields and
a single vector field. Mass mixing terms of SM and new vectors are forbidden by gauge
invariance2. “Nonlinear” in Eq. (1) refers to interaction terms that are nonlinear in
the heavy vector fields. As we have argued above, those terms can be safely neglected.
Before writing the different pieces in Eq. (1), let us introduce some notation. The
gauge bosons of the SM are generically called A, i.e A = B,W,G. The new vectors are
represented by the specific symbols in Table 1 or generically by V . The calligraphic
2There are, nevertheless, interactions with the Higgs doublet that give rise to mass mixing of the
Z and W bosons with the new vectors when the electroweak symmetry is broken. This effect is in
fact crucial for Z-pole observables.
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letter A denotes any of the three extra vectors in the same representation as the SM
gauge bosons, namely B, W and G. Covariant derivatives are always covariant with
respect to the SM gauge group, and are defined as
DµX =
(
∂µ + igsG
A
µTA + igW
a
µTa + ig
′Y Bµ
)
X, (2)
with TA and Ta, respectively, the SU(3)c and SU(2)L generators in the representation
in which the field or operator X lives, and Y = Q − T3 its hypercharge. We use
matrix notation to write the singlet product of two objects in a given representation
and its complex conjugate: in the product A†B, A† and B are row and column vectors,
respectively, made out of the components of A† and B in some orthonormal basis of the
vector space for their representation. For real representations the invariants can also
be written as ATB. This notation is standard for the fundamental representations in
the SM, but can be used for any representation. For the adjoints, we can use the usual
basis given by the generators and write, for instance, GTµνG
µν ≡ GAµνGAµν . Finally, [.]R
denotes a projection into the irreducible representation R. In the detailed formulas in
the appendix, we shall be more explicit and use color and isospin indices.
With these definitions, the SM part of the Lagrangian reads
LSM =− 1
4
GTµνG
µν − 1
4
WTµνW
µν − 1
4
BµνB
µν+
+liLi D l
i
L + q
i
Li D q
i
L + e
i
Ri D e
i
R + u
i
Ri D u
i
R + d
i
Ri D d
i
R+
+(Dµφ)
†Dµφ− V (φ)−
−
(
ye(i)l
i
Lφe
i
R + y
d
(i)q
i
Lφd
i
R + V
†
ijy
u
(j)q
i
Lφ˜u
j
R + h.c.
)
,
(3)
where a sum is understood on repeated indices. As usual, we have defined φ˜ = iσ2φ
∗.
The Higgs potential, V (φ) = −µ2φ |φ|2 + λφ |φ|2, gives a vev to the Higgs field: 〈φ〉T =
1/
√
2 (0 v), v ≈ 246 GeV. We have assumed a minimal Higgs sector, as we are not
considering extra scalars in this paper3. The indices i and j in the fermion fields label
the different families. Without loss of generality, we have chosen a fermion basis such
that ye and yd are diagonal, with the diagonal elements specified by the corresponding
index within parentheses. Then, the up Yukawa couplings write yuij = V
†
ijy
u
(j), where V
is the CKM matrix.
The quadratic terms for the new vector bosons are given by4
LV = −
∑
V
ηV
(
1
2
DµV
†
νD
µV ν − 1
2
DµV
†
νD
νV µ +
1
2
M2V V
†
µV
µ
)
, (4)
3 Nevertheless, only the vev of the scalar is relevant for the new couplings that enter precision tests.
Therefore, our equations are valid for a more general symmetry breaking sector with any number of
scalar doublets and singlets. In this case, the “Higgs” field φ refers to the linear combination of
doublets that acquires the vev. Similarly, our analysis applies to the usual nonlinear realization of
electroweak breaking. However, we have assumed a single elementary scalar doublet in the SM loop
corrections that enter our fits.
4Note that the most general kinetic term is DµV
†
ν D
µV ν + βDµV
†
ν D
νV µ, with β an arbitrary
parameter. However, in this paper we restrict ourselves to spin-1 degrees of freedom. Then we must
take β = −1, for otherwise ∂µV µ would propagate as an independent scalar field.
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The sum is over all new vectors V , which can be classified into the different irreducible
representations of Table 1. We set ηV = 1 (2) when V is in a real (complex) represen-
tation, in order to use the usual normalization. Even though the kinetic terms of the
extra vectors incorporate SM covariant derivatives to keep manifest gauge invariance,
the corresponding interactions among SM gauge bosons and two new vectors could
be moved to the “nonlinear” terms of Eq. (1). On the other hand, we have written
explicit mass terms for the new vectors. The masses can arise, in particular, from
vacuum expectation values of extra scalar fields, but this is not necessary. In writing
Eq. (4), we have chosen a basis with diagonal, canonically normalized kinetic terms
and diagonal masses. Mass terms often appear in nondiagonal form in explicit models.
In these cases, it is necessary to diagonalize them before using our formulas. Finally,
the couplings of the new vectors to the SM are given by
LV−SM = −
∑
V
ηV
2
(
V µ†JVµ + h.c.
)
. (5)
The vector currents JVµ have the form
JVµ =
∑
k
gkV j
V k
µ , (6)
where gkV is a coupling constant and j
V k
µ is a vector operator of scaling dimension 3
in the same representation as V . Actually, the different currents that can be built
with the SM fields determine the possible representations of the extra vectors. We can
distinguish three kinds of SM currents:
• With two fermions . Schematically, jV ψ1ψ2µ = [ψ1⊗γµψ2]RV , with ψ1, ψ2 (different
in principle) fermion multiplets, RV the representation of V and ⊗ a product of
representations.
• With two scalars and a covariant derivative: jV φµ = [Φ† ⊗ Dµφ]RV , where Φ
denotes either φ or φ˜.
• With a gauge boson and two covariant derivatives : jAµ = DνAνµ.
The couplings to currents of the third type induce a kinetic mixing of the SM gauge
bosons A with the heavy vectors A [15]. It turns out that the corresponding terms
in LV−SM are redundant. In the case of only one extra vector multiplet, they can be
eliminated by the field redefinition
Aµ → Aµ + gAAAµ,
Aµ →
(
1 + gA 2A
)− 1
2 Aµ.
(7)
This redefines the mass MA and currents J
A in the following way:
MA →
(
1 + gA 2A
)− 1
2 MA,
JAµ →
(
1 + gA 2A
)− 1
2
(
JAµ + g
A
AJ
A
µ
)
.
(8)
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In addition, new “nonlinear” terms are generated. In the following we shall work in
the basis without kinetic A-A mixing (hence, with redefined couplings). This is a
consistent choice that simplifies a lot many of the expressions below. At any rate,
when kinetic mixing with just one extra vector is found in any particular model, it
is possible to use our formulas as they stand, and simply perform the substitution in
Eq. (8) (or Eq. (19) in Appendix B) at the end.
We write explicitly all the possible currents in the tables of Appendix B.
3 Effective description of new vector bosons
Effective theories are a very convenient tool to analyze the indirect effects of new
physics above the electroweak scale [16, 17]. In this section, we obtain at leading order
an effective Lagrangian that describes a completely general extension of the SM with
new vector bosons. This Lagrangian is written in terms of SM fields alone, and can be
used at energies much smaller than the masses of the extra vectors.
The effective Lagrangian is computed by integrating the heavy degrees of freedom
out. The theory Eq. (1) belongs to a decoupling scenario, in which the conditions for
the Appelquist-Carazone theorem are satisfied [18]. In this case the resulting nonlocal
Lagrangian can be Taylor expanded as
Leff = L4 + 1
Λ
L5 + 1
Λ2
L6 + . . . , (9)
where Ld contains gauge-invariant operators of dimension d and Λ is of the order of
the smallest scale (other than the Higgs vev) in the complete theory. In our case Λ
corresponds to the mass of the heavy vector bosons. The operators in each Ld give
observable contributions of order (E/Λ)n, with n ≥ d − 4 and E the typical energy of
the process, which in some cases is v. In this manner, the effective Lagrangian provides
a neat classification of the size of the different interactions. Moreover, the restrictions
from the SM gauge invariance are manifest.
The list of operators up to dimension six, with the requirement of independent
conservation of baryon (B) and lepton (L) number, was given long ago by Buchmuller
and Wyler in [19, 20]. We will use the notation in that reference. The original list
contained one operator of dimension five and 81 of dimension six, but later some of
them have been found to be redundant [21], so the list is slightly shorter. The operators
can be further classified depending on whether they arise at tree or at the loop level
when a heavy particle is integrated out [20]. For our purposes it is sufficient to treat the
new physics at tree level, so our Lagrangian will contain only operators of the tree-level
kind. On the other hand, we relax the assumption of B and L number conservation.
Finally, we remark that flavor effects can be easily taken into account by treating the
operators as matrices in flavor space [22]. We will write explicit flavor indices in our
general formulas, which are thus completely general in this sense. All the independent
dimension-six operators that can be induced by extra vector bosons are collected in
Appendix A.
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Our task in this section is to perform the integration explicitly, starting with the
theory Eq. (1), write the result in the operator basis of Appendix A, and obtain the
coefficients of each operator in the case that the new particles are vector bosons. These
coefficients will depend on the masses MV and the couplings g
k
V . The integration of
general extra leptons and general extra quarks has been performed in [23] and [24],
respectively.
At the classical level, the integration can be carried out by computing the tree-
level Feynman diagrams in Fig. 1 and matching to the corresponding amplitudes in
the effective theory. Equivalently, we can solve the classical equations of motion for
ψ2
ψ1
V µ
ψ4
ψ3
(a)
W aµ , Bµ
Φ†
φ
V µ
Φ†
φ
W aµ , Bµ
(b)
ψ2
ψ1
V µ
Φ†
φ
W aµ , Bµ
(c)
Figure 1: Feynman diagrams relevant for the dimension-six effective Lagrangian.
the heavy vectors and substitute the solutions into the Lagrangian. Proceeding in this
algebraic manner, we readily find from LV + LV−SM the on-shell vector fields
Vµ =
1
p2 −M2V
[
pµpν
M2V
− ηµν
] (
JV ν +O(V ν)
)
. (10)
The O(Vµ) terms arise from the “nonlinear” terms in LV−SM. The next step is to
expand this equation in powers of p2/M2V and solve for Vµ. At the leading order we
simply have
Vµ =
1
M2V
JVµ +O
(
1
M4V
)
, (11)
where the order 1/M4V terms follow from both the O(Vµ) terms in (10) and the higher-
order terms in the inverse propagator expansion. Then, we substitute Eq. (11) into the
Lagrangian L and find
Leff = LSM − ηV
2M2V
(JVµ )
†JV µ +O
(
1
M4V
)
(12)
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The terms of order 1/M4V contribute to operators of dimension eight and higher, and will
be neglected in the following. In particular, we see that, as promised, the “nonlinear”
terms in LV−SM do not contribute to the effective Lagrangian up to dimension six, and
can be ignored. The result Eq. (12) includes a few operators that are not in the list of
Appendix A. In order to compare with previous work, it is convenient to express the
result in our basis, performing some Fierz reorderings and field redefinitions. The final
result can then be written as
LV6 = −
ηV
2M2V
(JVµ )
†JV µ =
∑
i
αi
M2V
Oi, (13)
where Oi are the operators collected in Appendix A, and αi are dimensionless numerical
coefficients. It is clear from the general expression Eq. (12), and also from the Feynman
diagrams in Fig. 1, that the terms in the effective Lagrangian can be of three basic
forms:
a) Four fermions :
g
ψ1ψ2
V g
ψ3ψ4
V
M2V
[ψ1 ⊗ γµψ2]RV [ψ3 ⊗ γµψ4]RV .
b) Oblique:
gφV g
φ
V
M2V
[Φ† ⊗Dµφ]RV [Dµφ† ⊗ Φ]RV .
c) Scalars, vectors and fermions :
gφV g
ψ1ψ2
V
M2V
[Φ† ⊗Dµφ]RV [ψ1 ⊗ γµψ2]RV .
In addition there are operators that arise from the field redefinitions, which just re-
define the fermion masses and Yukawa interactions, and the Higgs potential. The
four-fermion terms are relevant for LEP 2 and low-energy observables. Upon elec-
troweak symmetry breaking, the oblique terms modify the gauge boson propagators5
and those of the third type change the fermion-gauge trilinear couplings. Hence, the
last two kinds of operators contribute mainly to observables at the Z pole (and the W
mass, for the oblique operators). On the other hand, note that the coefficients of all
the operators are given by the sum of the contributions of the different vector bosons,
and the contribution of each vector is the product of two of its couplings divided by
its mass squared.
The explicit result of the integration of the new vector bosons is given in Ap-
pendix B. In Tables 8 to 22 of that appendix, we collect the contributions of each kind
of extra vector boson to the coefficients αi of the dimension-six operators Oi.
5The only observable oblique operator in our approximation is O(3)φ . Its coefficient is proportional
to the ρ parameter. The effect of the operator O(1)φ is absorbed into the input parameterMZ . On the
other hand, removing the kinetic mixing between SM and new vectors, as discussed in the previous
section, prevents the operator OWB, related to the Peskin-Takeuchi S parameter [25], from being
generated at tree level. The same formulas would follow had we left the kinetic mixing terms and
performed a perturbative field redefinition in the effective Lagrangian to eliminate OWB. Let us also
observe that the field basis we are using is different from the “oblique” basis introduced by Barbieri
et al. in [26] for oblique new physics. Thus, in particular, we cannot identify directly O(3)φ with the
Tˆ parameter of [26]. The relation between these two operator bases, for arbitrary new physics, has
been given in [27]. The predictions for physical observables are, of course, basis independent.
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Vector Z pole MW CKM νN νe APV Møller LEP 2
Bµ X X X X X X X X
Wµ X X X X X X X X
Gµ
Hµ
B1µ X X X X X X X X
W1µ X X X X X X X
G1µ
Lµ X X
U2µ X X X X
U5µ X X
Q1µ X X X
Q5µ X X X
Xµ X X X X
Y1µ
Y5µ
Table 3: Experimental data constraining (directly or indirectly) the couplings of the
vector bosons.
4 Limits on new vector bosons
We can now use the effective Lagrangian to perform fits to EWPD, and extract limits
on the new vector bosons in Table 1. To start with, we assume that only one new
vector gives sizable contributions. We will see in Section 5 that such “one-at-a-time”
analysis is often justified (but not always).
The observables and free parameters that enter the fits and the details of our
fitting procedure are described in Appendix C. In particular, LEP 2 cross sections
and asymmetries are important to lift some flat directions that would remain in the
fits to the other observables. In Table 3, we summarize which sets of data can constrain
each kind of vector boson. We see that five types of vectors, G, H, G1, Y1 and Y5, are
invisible to all the precision observables, as they couple to quarks only. These vectors
could in principle be produced at hadron colliders, and the non-observation of the
corresponding resonances at Tevatron places limits on their masses. In the following
we focus on EWPD, so we restrict our attention to the cases that can modify these
data.
All parameters are assumed to be real, as is the case in known models. On the
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other hand, for general coupling matrices, flavor-changing neutral currents (FCNC)
are induced (except forW1, which does not couple to fermions). These give, generally,
bounds much stronger than the ones derived from EWPD. Avoiding these bounds re-
quires fine tuning, or some mechanism that imposes a certain structure on the coupling
matrices.
The hypothesis of diagonal and universal couplings is sufficient to avoid all FCNC
for the vector fields that connect each fermion multiplet with its adjoint, i.e. B and
W. For the other types of vectors with couplings to fermions, universality does not
guarantee the absence of FCNC. Another possibility is that the new vectors couple to
just one family of fermions, in the fermion basis with maximally diagonal Yukawas (be-
fore electroweak breaking). In this case, there are still FCNC if the vector leptoquarks
couple to left-handed (LH) quarks (in the up sector, for our choice of qL basis), but
they are suppressed by CKM off-diagonal entries. In particular, the FCNC are under
control if the vectors couple to the third family of quarks only, as in the examples of
Section 5.1. This particular structure of couplings is fine-tuned, since it breaks the
U(3)5 flavor symmetry of the SM, which allowed us to choose freely the fermion basis.
Nevertheless, it can be explained by some mechanism in the complete theory. For in-
stance, warped extra dimensions with bulk fermions incorporate a GIM-like mechanism
in a natural manner [28].
In the fits of this section, we assume diagonal, universal couplings for B, W and
B1. For the representations in which this flavor structure would generate dangerous
FCNC, we assume couplings to just one family, as explained above, and explore all
possibilities. The basic results are given in Table 4. The fits depend on the quadratic
products of the different ratios GkV ≡ gkV /MV . Therefore, relative signs among the
different couplings are relevant, but the results are invariant under a global change of
sign. The limits6 on the parameters in Table 4, unlike the best values, do not depend
on the signs of these ratios, as the other parameters are integrated. In the rest of this
section, we discuss these results and give additional details. Nonuniversal couplings for
B, B1 and W are studied in Section 5.1.
4.1 Neutral singlet B
Extra neutral vector bosons, known as Z ′ bosons, have been extensively studied in the
past (see [11] for a review). In our gauge-invariant formalism, the only way neutral
vectors can arise alone, without charged partners, is from the SM vector singlets B.
Electroweak symmetry breaking can then mix these fields with the SM Z boson, with
a mixing angle proportional to the coupling of the B to the Higgs doublet. We reserve
the name Z ′ to denote the corresponding heavy mass eigenstates. The physical Z ′ mass
and the Z-Z ′ mixing, sin θZZ′, are related to the mass parameter MB and the Higgs
6Our one-dimensional (two-dimensional) 95% confidence limits (regions) are defined by requiring
a change of 3.84 (5.99) in χ2 with respect to the minimal value.
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Vector −∆χ2min Parameter Best Fit Bounds C.L.
Vµ (χ
2
min/d.o.f.) G
k
V ≡ gkV /MV [TeV−1] [TeV−1]
Bµ 7.35 GφB −0.045 [−0.098, 0.098] 95%
(0.77) GlB 0.021 [−0.210, 0.210] 95%
GqB −0.89 - -
GeB 0.048 [−0.300, 0.300] 95%
GuB −2.6 - -
GdB −6.0 - -
Wµ 1.51 GφW 0.002 [−0.12, 0.12] 1 σ
(0.79) GlW 0.004 [−0.26, 0.26] 95%
GqW −9.6 - -
B1µ 0.16 GφB1 6 ·10−4 [−0.11, 0.11] 95%
(0.79) Gdu
B1
6.6 - -
W1µ 0.65 |GφW1 | 0.18 < 0.50 95%
(0.78)
Lµ 0
(0.79)
|GelL | 0 <

 0.29 0.33 0.390.34 - -
0.39 - -

 95%
U2µ 0
(0.79)
|Ged
U2
| 0 <

 0.21 0.49 0.49- - -
- - -

 95%
|Glq
U2
| 0 <

 0.12 0.29 0.290.56 0.65 -
- - -

 95%
U5µ ≤ 2.77
(0.77)
|Geu
U5
| 0.43
[1, 2]
<

 0.25 0.62 -- - -
- - -

 95%
Q1µ ≤ 0.45
(0.79)
|Gul
Q1
| 0.27
[1, 2]
<

 0.22 0.54 -0.57 - -
- - -

 95%
Q5µ ≤ 3.36
(0.78)
|Gdl
Q5
| 0.87
[1, 1]
<

 1.06 0.58 -1.07 - -
1.07 - -

 95%
|Geq
Q5
| 0.64
[1, 1]
<

 0.78 1.0 1.2- - -
- - -

 95%
Xµ ≤ 2.86
(0.77)
|GlqX | 0.65
[1, 2]
<

 0.27 0.93 0.571.04 1.40 -
- - -

 95%
Table 4: Results of the fit to EWPD for the extra vector bosons. We give ∆χ2min =
χ2min − χ2SM values, together with the best fit values and bounds on the interactions of
the new vectors. The results for the last six representations are obtained from a fit to
each of the entries of the coupling matrices at a time. [i, j] refers to the entries in the
family matrices that give the best fit. See text for more details.
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coupling gφB by
M2Z′ ≈M2B
[
1 + (gφB)
2 v
2
M2B
]
and sin θZZ′ ≈ g
φ
B
√
g2 + g′2
2
v2
M2B
, (14)
where we are assuming MB ≫ gv, gφBv. These singlets appear in many extensions of
the SM. They are usually associated with an extra abelian factor in the gauge group,
which is broken down at a scale higher than electroweak (but hopefully small enough
to allow for their eventual observation). This is the case of GUT/string and Little
Higgs models, when the rank of the gauge group is higher than 4, and of theories with
gauge fields in extra dimensions.
In our model-independent analysis, with the assumption of universality, the B sce-
nario has six new free parameters: the couplings to each matter multiplet divided by
the mass of the B. The result of the fit, displayed in Table 4, can be understood as
follows. First, theW mass and the Z-pole data constrain the (effective) Higgs coupling
to be small. The direct Tevatron Higgs limits also contribute in the same direction, as
discussed in Section 6.
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Figure 2: From darker to lighter, confidence regions with ∆χ2 ≤ 2 (blue), 4 (orange)
and 6 (95% C.L.) (green), respectively, for the B couplings to leptons assuming no
couplings to quarks. The region in the left plot results from the fit to EWPD without
LEP 2 data. This is further constrained into the smaller region in the right plot by
adding the LEP 2 cross sections and asymmetries to the fit.
Second, the low-energy data and the measurements of cross sections and asymme-
tries at LEP 2 impose significant constraints on the leptonic couplings, mostly inde-
pendent of the Higgs coupling. This effect is apparent in Figs. 2 and 3, where for
simplity we consider hadrophobic vectors. We display several confidence regions for
fits with and without LEP 2 data, in planes parametrized by different couplings. In
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Figure 3: From darker to lighter, confidence regions with ∆χ2 ≤ 2(blue), 4 (orange)
and 6 (95% C.L.) (green), respectively, for the B couplings to the Higgs and LH leptons
assuming no couplings to quarks. The regions in the plot on the left are obtained from
a fit to EWPD without LEP 2 data. They are reduced to smaller regions when the
LEP 2 cross sections and asymmetries are added to the fit, as shown in the plot on the
right.
the left-hand plot of Fig. 2, we see that the regions with relatively large couplings
along the diagonals, with equal absolute value of LH and right-handed (RH) couplings,
are allowed by EWPD without LEP 2 data. In particular, this nonchiral combination
avoids the constraints from parity violation in Møller scattering. However, the right-
hand plot in this figure shows that these regions get excluded when the LEP 2 data
are taken into account. In Fig. 3, we see how the LEP 2 data help in constraining
the lepton couplings, but not the couplings to the Higgs. As a matter of fact, a small
nonvanishing Higgs coupling is favored by LEP 2 data, as a modification of trilinear
couplings of the Z boson can soften a bit the effect of four-fermion operators. Anyway,
this effect is erased by Z-pole data.
Finally, for very small Higgs and lepton couplings, the fit is approximately flat along
the directions of the quark couplings, due to the fact that no electroweak observable
depends on their square. This implies the absence of limits on quark couplings in
Table 4.
It is also worth noting that, at the minimum, the RH quark couplings are pretty
large. The reason is that these couplings raise the prediction for the hadronic cross
section measured at LEP 2, which in many energy bins is around 1 σ above the SM
prediction. This results in a global 1.7 σ discrepancy when correlations are taken into
account. The LH counterparts, on the other hand, are more tightly constrained by
the Z-pole observables, and stay smaller. This preference for large RH couplings is
stronger in the case of d quarks, due to the SM discrepancy in the bottom forward-
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95% C.L. Electroweak Limits on
sin θZZ′
[×10−4] MZ′ [TeV]
Model EWPD LEP 2 All Data EWPD LEP 2 All Data
(no LEP 2) (no LEP 2)
Z ′χ [−10, 7] [−80, 118] [−11, 7] 1.123 0.772 1.022
Z ′ψ [−19, 7] [−196, 262] [−19, 7] 0.151 0.455 0.476
Z ′η [−22, 25] [−150, 164] [−23, 27] 0.422 0.460 0.488
Z ′I [− 5, 9] [−144, 96] [− 5, 10] 1.207 0.652 1.105
Z ′N [−14, 6] [−165, 223] [−14, 6] 0.635 0.421 0.699
Z ′S [− 9, 5] [−85, 129] [−10, 5] 1.249 0.728 1.130
Z ′R [−17, 7] [−166, 177] [−15, 5] 0.439 0.724 1.130
Z ′LR [−13, 5] [−147, 189] [−12, 4] 0.999 0.667 1.162
Table 5: Comparison of 95% C.L. limits on sin θZZ′ and MZ′ obtained for several
popular Z ′ models from a fit to standard EWPD without LEP 2, to LEP 2 cross
sections and asymmetries, and to all data. The gauge coupling constants are taken
equal to the GUT-inspired value,
√
5/3 g′ ≈ 0.46.
backward asymmetry. Indeed, at the minimum we find AbFB = 0.1016, and the pull
in this observable is reduced to 1.5 σ. We should stress, nevertheless, that such large
couplings could drive the theory into a nonperturbative regime. We shall come back
to this point in Section 5.
There is a lot of work on the electroweak limits for particular Z ′ models (see
for instance [29]), so it may be useful to discuss at this point the relation between
model-dependent and model-independent fits. Each particular model imposes corre-
lations among the couplings, and corresponds to some lower-dimensional manifold in
the complete model-independent fit. Therefore, the latter contains all the necessary
information. However, for obvious reasons, in the paper we are just showing partial
information, in terms of one or two coupling-to-mass ratios at a time. In general, these
will not be the free parameters in a particular model, so the translation of our results is
not direct. Nevertheless, the one-dimensional limits and two-dimensional plots we have
shown above provide basic guidelines to understand the constraints on explicit models.
For instance, the allowed regions in the ”minimal” class of Z ′ models considered in
Ref. [30, 31], when given in terms of coupling-to-mass ratios, agree with those of Fig. 3
above.
To be more explicit, we show in Table 5, as an example, the limits on Z ′ masses and
mixings that we find for some popular models usually considered in the literature [11,
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32] 7. The mixing is fixed in some models [35] but can vary continuously in others. We
leave it as a free parameter. We give limits from three data sets: i) EWPD excluding
LEP 2 cross sections and asymmetries; ii) LEP 2 cross sections and asymmetries8; iii)
all data. Our results for the first data set agree with the ones in the recent update [34],
except for some differences in the limits for the mixing, which arise from our inclusion
of Tevatron Higgs searches in the fit.
For most models, EWPD without LEP 2 are sufficient to constrain significantly
both the mixing and the mass of the new vectors. The two exceptions are the ψ and
R models, for which LEP 2 data are decisive to raise the limit on the mass. The
correlations between the mixing and mass in these two models are illustrated in Fig. 4.
For the ψ model, this behaviour can be inferred from Fig. 2, observing that the leptonic
couplings are axial and lie along one diagonal of the plots in that figure.
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Figure 4: 95% C.L. contour in the MZ′ - sin θZZ′ plane for the Z
′
R model (left) and Z
′
ψ
(right). The different contours correspond to the fit to EWPD without LEP 2 cross
sections and asymmetries (solid line), to LEP 2 cross sections and asymmetries (dashed
line), and to all data (solid region).
4.2 Left-handed triplet: W
This SU(2)L triplet decomposes after electroweak breaking into a neutral vector boson
and a charge ±1 complex vector boson. This representation appears, for instance, in
7Leptophobic neutral gauge bosons derived, for example, from E6 [33] are not constrained by
EWPD, except for their possible mixing with the Z boson. If their coupling to the Higgs is nonvan-
ishing, the Z-pole data can provide lower limits on MZ′
6L
around 1 TeV [34].
8Unlike [36], where the Z-Z ′ mixing is fixed to zero, we let sin θZZ′ vary in the fit to LEP 2 data.
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Figure 5: From darker to lighter, confidence regions with ∆χ2 ≤ 2 (blue), 4 (orange)
and 6 (95% C.L.) (green), respectively, for the W couplings to LH leptons and to the
Higgs boson. Notice the flat direction along the Higgs coupling axis when the lepton
charge vanishes.
theories with extra dimensions and in some Little Higgs models. The most general
case has three new parameters: the couplings to the Higgs and to the lepton and quark
doublets. As in the previous case, the parameter space has a flat direction along the
quark coupling direction when the interactions with the Higgs and leptons vanish. On
the other hand, the coupling of this vector to the Higgs does not appear quadrati-
cally, since the W field preserves custodial symmetry, which forbids the operator O(3)φ .
Therefore, there is an extra flat direction in the Higgs coupling for vanishing couplings
to the fermions. This is illustrated in Figure 5, where we plot several confidence regions
in the plane spanned by the lepton and Higgs couplings.
Note also that the χ2 at the minimum, which is placed over both flat directions,
is less than 2 units smaller than for the SM. Thus, any value of the Higgs and quark
couplings is allowed by EWPD at that confidence level. For GφW , the 1 σ interval is
finite, as reported in Table 4, whereas there are no limits on GqW . As in the case of the
singlet B, there is a preference for large values of the quark coupling. However, for the
W boson there are additional constraints on these couplings, for instance from K0-K0
mixing, which are complementary to those presented here [37].
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4.3 Charged singlet: B1
This complex isosinglet vector has electric charge ±1. It appears, for instance, in
left-right models. After electroweak symmetry breaking, it mixes with the SM charged
bosons, with the mixing proportional to the Higgs coupling. With our assumption that
the new vector is heavier than the W boson, this mixing decreases MW , and gives a
negative contribution to the ρ parameter. In the effective formalism, this effect is clear
from the positive sign of the contribution of this vector to the operator O(3)φ . Therefore,
the presence of this vector with a nonvanishing scalar coupling favors a value for the
Higgs mass yet lower than in the SM, in contrast with the case of singlets of zero
hypercharge, B. The LEP 2 lower bound on the Higgs mass then forces the Higgs
coupling to be very small. The other parameter in this scenario is the coupling of the
B1 to the RH quarks. This coupling induces RH charged currents, via the operator
Oφud. Taking into account the preference for small Higgs coupling, the electroweak
data cannot constrain the RH quark couplings. However, there are further constraints
from K0-K0 mixing on these couplings. They are typically more stringent than the
ones forW, since they induce operators of mixed chirality, but depend strongly on the
flavor structure of the RH quarks [38]. (Our fits neither incorporate the analysis of
RH quark couplings from kaon physics described in Ref. [39].) On the other hand, we
have assumed that there are no light RH neutrinos. If there were, there would be extra
constraints on the additional coupling to RH leptons [38].
4.4 Fermiophobic triplet: W1
The triplet with hypercharge 1 contains two real neutral vectors, which mix with the
Z boson upon electroweak symmetry breaking, a complex vector of charge ±1, which
mixes with theW , and a complex vector of charge ±2, which gives no observable effect.
The characteristic feature of this representation is that it cannot couple to any SM
fermions. Hence, its only visible effects are oblique. Moreover, the net contribution
to the ρ parameter is positive, which makes EWPD consistent with a heavy Higgs.
Therefore, the fit prefers a nonzero value of the coupling, in order to compensate the
effect on EWPD of the direct LEP lower bound on the Higgs mass. The interplay with
the Higgs mass is further discussed in Section 6.
4.5 Leptophilic vector: L
This representation contains complex vectors of charges ±1 and ±2. Since it does
not couple to the Higgs, the charge ±1 components do not mix with the W boson at
tree level. The vector field is coupled to a ∆L = 2 current mixing the LH and RH
lepton multiplets. Despite this, no trace of lepton number violation remains in the
effective Lagrangian, thanks to the absence of any other couplings. This fact allows to
recover this symmetry by assigning lepton number L = 2 to the field L. There can be,
however, lepton flavor violation, even for diagonal couplings, as these create (destroy)
two same-flavor anti-leptons (leptons), allowing for processes like e−e− → µ−µ−. The
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only operator in the effective Lagrangian for this vector is the four-lepton interaction
Ole. This can contribute to νµe scattering as well as to e+e− → ℓ+ℓ− data at LEP
2. There are no restrictions from parity violating observables measured in Møller
scattering, since Ole does not contribute to V-A couplings. In the case of couplings to
only one flavor per SM multiplet, the weakest constraint shown in Table 4 occurs for
couplings between electrons and taus. Similar bounds apply to couplings to electrons
and muons.
4.6 Singlet vector leptoquarks: U2 and U5
The two colored SU(2)L singlets U2 and U5 decompose into complex vectors of frac-
tional charges ±2/3 and ±5/3, respectively. The associated currents carry nonvan-
ishing L, B and B − L numbers. But again, these global symmetries are preserved
in the effective Lagrangian. For U2, this is so because the two terms in the current
have the same B and L charges. The integration of U2 generates the operators Oed,
O(1,3)lq and Oqde, while for U5, only Oeu is generated. With the exception of Oqde, which
does not interfere with any of the SM amplitudes, these operators contribute to atomic
parity violation (APV) in atoms and to the inclusive hadronic cross section at LEP 2.
O(1,3)lq can also contribute to neutrino-nucleon scattering if U2 couples to muons and
first family quarks. Finally, O(3)lq can modify the unitarity relation of the CKM matrix.
In particular, this is the only constraint when U2 couples to the second family. The
precise determination of the weak charge for Cesium and its good agreement with the
SM prediction is the strongest constraint when these operators are coupled to the first
family (together with the CKM unitarity for GlqU2). It is worth noting that the negative
contribution to Oeu is favored by LEP 2 data, as it increases the total hadronic cross
section above the Z pole. For this reason, the fit with U5 gives some improvement in
χ2, with just one extra free parameter.
4.7 Doublet vector leptoquarks: Q1 and Q5
The SU(2)L doublet Q1 contains two complex vectors, of charges ±1/3 and ±2/3,
whereas the doublet Q5 is made of complex vectors of charges ±1/3 and ±4/3. Again,
the corresponding currents carry nontrivial B, L and B−L numbers. Of these, B−L
is actually conserved, since all the terms in the current have the same charge, ∆(B −
L) = −2/3. On the other hand, there are dangerous contributions to baryon and
lepton number violating operators. In order to avoid proton decay while allowing for
contributions to EWPD, we consider here the case without the B violating couplings
gdqQ1 and g
uq
Q5. Then, the vector Q1 generates only the operator Olu, while Q5 induces
three operators: Old, Oqe and Oqde.
For Q1, the dominant constraint comes again from APV. Weaker bounds are ob-
tained when we couple the new vector to electrons and c quarks, or to muons and u
quarks, so that they affect LEP 2 data and the low-energy effective coupling g2R in
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deep-inelastic neutrino-nucleon scattering, respectively. In the later case there is a
small improvement in χ2.
In the case of the vector Q5, the bounds from APV are mild for couplings gdlQ5
and geqQ5 to the first family. This is so because the independent contributions to the
atomic weak charges from Old and Oqe can be adjusted to approximately cancel. The
strongest bound on GdlQ5 comes again from g
2
R, when Q5 couples to muons and down
quarks. When it couples to electrons and s or b quarks, only the LEP 2 constraints
apply. These are weaker, as a sizable value for these couplings is again favored. For
GeqQ5, LEP 2 data give stronger constraints, which can be relaxed by the interplay with
the other coupling, when the latter is not tied by other data.
The best minimum occurs for couplings to the first family. Besides the better
agreement with LEP 2 hadronic data, there is an improvement in the combinations of
the parity-violating eq effective parameters C1u and C1d that appear in Table 23. As a
result, the χ2 of the global fit is decreased by 3.4, with two extra parameters.
4.8 Triplet vector leptoquark: X
Finally, this SU(2)L triplet decomposes into complex vectors of charges ±1/3, ±2/3
and ±5/3. It connects LH quarks with LH leptons. Even though the current carries
lepton and baryon numbers, the B and L symmetries are preserved in the effective
Lagrangian. X only generates the operators O(1)lq and O(3)lq , whose effects are described
in the U2 subsection. The coefficients are different, however, and so are the constraints.
The strongest bound in Table 4 is also provided by APV, in the case with couplings
to electrons and first family quarks. The weakest nontrivial bound corresponds to the
assumption that this vector only couples to the second family and, as in the case of
U2, it comes from the CKM constraints. On the other hand, a X coupling muons
to the LH u and d quarks allows to reduce to 1 σ the SM 2 σ discrepancy in the g2L
coupling extracted from deep-inelastic neutrino-nucleon scattering. A further reduction
is prevented again by the precise measurement of unitarity in the first row of the CKM
matrix. The global decrease in the χ2 is, however, marginal: ∆χ2min ≈ −1.4. In fact, a
better improvement is found by choosing couplings between electrons and the second
quark family, even if this does not modify g2L. It may seem surprising that, for this
vector, the limits on couplings of electrons to the third family of quarks are significantly
stronger than the corresponding ones for the second family. The explanation is that,
for this representation, the contributions to the hadronic cross section at LEP 2 from
the up (down) quarks are favored (disfavored), and in the case of the third family only
the b quark contributes.
5 Several extra vectors
In this section we discuss scenarios with several new vector bosons, both in the same
and in different SM representations.
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It seems quite natural that an extra vector boson around the TeV scale will come
accompanied by other new particles, in particular additional new vectors. This occurs
in many explicit models beyond the SM. At the dimension-six order, the coefficients
of the operators are just given by the sum of the contributions of each new vector,
as we have shown explicitly before. Moreover, because the leading new effects come
from the interference of SM amplitudes and diagrams with insertions of dimension-six
operators, the interference between the contributions of different vectors to observables
is negligible. On the other hand, opposite signs may occur in the sums. Hence, some
(partial) cancellations are possible, both between contributions of different new vec-
tors to a given operator, and between the contributions of different gauge-invariant
operators to an observable.
One consequence of having more than one vector simultaneously is that some re-
strictions on the operator coefficients, which hold necessarily for just one vector, are
removed. For example, for just one extra singlet B with arbitrary couplings, the fol-
lowing relations are always satisfied:
(
α
(1)
φψ
)2
∼ 1
2
α
(3)
φ αψψ, (15)
(αψψ′)
2∼αψψαψ′ψ′ , (16)
where ψ and ψ′ stand for any SM fermion multiplet. These relations do not hold any
longer if there are two singlets B. For instance, two vectors with the same couplings
to the lepton doublet and opposite Higgs couplings,
glV1 = g
l
V2
,
gφV1 =−gφV2 , (17)
will have a vanishing coefficient α
(1)
φl , but nonvanishing α
(3)
φ and α
(1)
ll . This would be
impossible with only one extra vector, and it is an example of a cancellation of the
effects of several vectors. The point is that models with more than one extra vector
may have observable effects that cannot be reproduced by any model with just one.
An interesting possibility is that cancellations of this sort give rise to weaker bounds
from EWPD on each vector. For the leptonic couplings, it turns out that there is little
room for this effect, at least in the universal case. The reason is that the coefficients of
the four-lepton operators (O(1)ll )iiii and (Oee)iiii induced by any extra vector are negative
definite, since they are given by minus sums of squares. Hence, no cancellations are
possible here. For i=1 (first family), these coefficients are constrained to be very
small by the differential cross sections in Bhabha scattering measured at LEP 29.
Furthermore, the operators modifying the trilinear couplings, which could counteract
the action of the four-fermion operators, are independently constrained to be small by
the Z-pole data.
9Cancellations between the contributions of a B and a L are possible in the four-lepton operator
with mixed chiralities, Ole, but the angular distributions allow to isolate the effects of each individual
operator on the cross sections.
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Figure 6: From darker to lighter, confidence regions with ∆χ2 ≤ 2 (blue), 4 (orange)
and 6 (95% C.L.) (green), respectively, in the GlW1 - G
φ
W1
plane of an extension with
two mirror left-handed triplets, W1 and W2.
Therefore, in universal scenarios with combinations of several vector bosons, the
limits on the ratios of leptonic couplings to masses of each new vector are at least
as stringent as the corresponding “one-at-a-time” limits in Table 4 [40]. In other
words, new vector bosons must be, to a certain degree, leptophobic (or more precisely,
electrophobic [31])10.
Despite these limitations, the cooperation of several extra vectors can open new
regions in the parameter space of couplings and masses. A simple example is the case
of two left-handed triplets W, with universal couplings as in Eq. (17). We show in
Fig. 6 several confidence regions in the GlW1 - G
φ
W1
plane. We see that the combination
of these two “mirror” vectors make the EWPD blind to the coupling gφW . This figure is
to be compared with the corresponding plot for just oneW in Fig. 5. A similar outcome
is found in a model with “mirror” neutral singlets B, when we also add a B1 vector
boson to cancel the effect of the B bosons on the ρ parameter. In the next subsection,
we give some examples of cancellations between the contributions of different types of
vector bosons.
10Remember that we are always working with the assumption that no other kind of new physics
modifies EWPD.
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5.1 Nonuniversal couplings and the bottom forward-backward
asymmetry
In some classes of models, the extra vector bosons couple in a nonuniversal way to the
different families. Large couplings to the third family are expected, for instance, in
models of dynamical electroweak symmetry breaking. In extra-dimensional theories,
nonuniversal couplings appear when the fermions are separated in the extra dimension,
with heavier fermions having naturally bigger couplings to the new vectors. For the
most common types of vector bosons, B, W and B1, we have assumed so far family
universal couplings. In this section, we explore the impact of dropping this assumption,
both for a unique singlet vector and for a few interesting combinations. As we will see,
the extra freedom allows to better reproduce the experimental data and even improve
the SM fits. For simplicity, we assume in the following that all the new couplings are
small, except the ones to the third family of quarks and to the Higgs doublet. This
has the advantage of making FCNC innocuous, due to CKM suppression11. Tuning
the couplings of an extra singlet B to the RH bottom, it is possible to correct the
deviation in the bottom forward-backward asymmetry at the Z pole (no other vector
boson can play this role). We have actually seen some improvement in the prediction
for this observable with universal singlets, but the nonuniversal scenario works better
and allows to completely remove the discrepancy without modifying the observables
that agree with the SM. This produces a significant decrease in the χ2 of the global
fits, as shown in the first column of Table 6 12.
This ”solution” to the AbFB anomaly puzzle suffers, however, from an important
deficiency. In order to shift the asymmetry without modifying the Z → bb partial
decay width, we need a large correction to the ZbRbR vertex and a small nonvanishing
correction to the ZbLbL vertex. These corrections are produced by the 3-3 entries
of the operators O(1)φd and O(1)φq , with coefficients proportional to the couplings of the
extra vector to the Higgs, gφB, and to the RH bottom and the LH top-bottom doublet,
respectively. As we can see in Table 6, the ratio GbB = g
b
B/MB is rather big at the
minimum. Unless MB . 1 TeV, this can spoil perturbation theory in the complete
theory, rendering the whole calculation meaningless13. In the second column of Table 6,
we have forced GbB to be smaller than 1, and we see that the anomaly is then recovered.
The reason for the large coupling of the singlet to bR, apart from the requisite of
a big effect, is that it needs to compensate the smallness of the coupling to the Higgs.
This is enforced by the data just as in the universal case. So, it is clear that we can
11The limits from µ and K decays can generally be satisfied if the couplings to the first two families
are universal (not necessarily zero). This has the implication that possible anomalies in Bs mixing
and charmless B decays could be accounted for by b - d and b - s vector boson couplings [41].
12Even if we are focussing on the couplings to b quarks, we do not include LEP 2 b data in the
fits we present here, because the reported values carry the hypothesis of no new physics beyond the
SM [36]. At any rate, we have checked that these data have very little impact in the results of the
fits.
13Remember also that we cannot trust our approximations for very light vectors, which in addition
are subject to Tevatron bounds.
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alleviate this problem if we allow the Higgs coupling to become larger. This can be
achieved in two ways. First, as we discuss in the next section in more detail, the
coupling to the Higgs prefers to be larger when the Higgs mass increases. Therefore,
if the Higgs were found to be heavy, smaller bR couplings would be required. We show
this in the third and fourth columns of Table 6. We see that the coupling-to-mass ratio
GbB is still greater than 1 for MH ≤ 500 GeV.
B B + B1
Free GbB ≡ 1 MH=200GeV MH=500GeV Free GbB ≡ 1
−∆χ2min 8.2 2.7 14.1 47.7 8.2 8.2
Pull[AbFB] −0.5 −2.5 −0.4 −0.4 −0.5 −0.5
GbB [TeV
−1] 6.4 1 3.8 2.4 3.2 1
GφB [TeV
−1] 0.082 0.078 0.13 0.19 0.16 0.53
Gφ
B1
[TeV−1] - - - - 0.20 0.73
Table 6: Effect of the SM singlets on the forward-backward asymmetry for the b
quark from the nonuniversal fit. The improvement in the χ2 for the cases of MH =
200, 500 GeV is given with respect to the SM with the same values of the Higgs mass.
The last two columns correspond to different points along a flat direction.
A more efficient way of reproducing the experimental asymmetry without too large
couplings is to combine different new vectors. The only operator where the Higgs
coupling enters quadratically is O(3)φ . While the coefficient of this operator is always
positive when induced by a singlet neutral vector B, the hypercharged vector B1 gives
a negative contribution to it. Hence, if the theory contains a B and a B1, both contri-
butions may cancel out14. Furthermore, the extra vector B1 gives no other observable
effect in the fits if coupled only to the third family. In the last two columns of Table 6,
we display the result of a global fit to a scenario with a neutral singlet B and a charged
singlet B1, both coupled to the Higgs and to the third family of quarks. We see that
in this case the coupling to bR can be made smaller than 1 at no cost in χ
2. In fact,
there is an almost flat direction for fixed values of the product GbBG
φ
B (and the correct
GφB1 to counteract the effect of G
φ
B). The impact of including the second vector boson
is also manifest in Figure 7, where we plot the allowed values for the Higgs and bR
couplings to the B singlet, with and without an additional B1 boson. We observe that
introducing the charged singlet opens a new favored region in which GbB is smaller and
GφB is larger. This very same mechanism is at work in the explicit extra-dimensional
model in [42].
In definite models, having small couplings of the new vectors to bL can be trou-
blesome from a model building perspective, especially if the couplings to bR are large.
This issue can be addressed by adding another type of extra vector that balances the
14They cancel out automatically if the extension of the SM preserves custodial symmetry.
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Figure 7: Allowed regions of the B couplings to the RH bottom and to the Higgs at
1 σ (solid regions) and at 95% C.L. (regions between lines) from the nonuniversal B fit
(blue, dotted) and the B + B1 fit (orange, solid).
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Figure 8: Confidence regions at 1 σ (blue, dark) and 95% C.L. (orange, light) on the
plane determined by the corrections to the Zb¯LbL coming from a singlet B and a triplet
W.
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effect of the singlet. One possibility is a triplet W. This vector boson generates the
operator O(3)φq . Because the correction to the ZbLbL vertex is proportional to α(1)φq +α(3)φq
and these coefficients do not have a definite sign, a cancellation is again possible. This
mechanism is shown in Fig. 8. It can be made natural if the B and W couplings
are related by some symmetry [22], as in the custodial protection proposed in [43].
Note that this protection requires new fermions, which might modify the electroweak
fits [44]. We also point out that the correction to the ZtLtL vertex is proportional to
α
(1)
φq − α(3)φq , so it can never be cancelled at the same time [22]. This has consequences
for top physics at LHC [45].
6 New vector bosons and the Higgs mass
All the fits in the paper have been performed leaving the mass of the Higgs boson as a
free parameter (unless otherwise indicated), and imposing the direct constraints from
Higgs searches. In this section we focus on the implications of new vector bosons on
the Higgs mass.
LEP 2 and Tevatron have put limits on the possible values of MH . The LEP 2
experiments discard a light Higgs in a quite robust manner, with MH > 114.4 GeV at
95% C.L. [46]. A slight preference for values at around 116 GeV was also observed, due
to the few Higgs-like events observed at the end of the LEP operation. The searches
at Tevatron have been used to exclude the small window 163 GeV ≤ MH ≤ 166 GeV
at 95 % C.L. [47], which is expected to be extended to 159 GeV ≤MH ≤ 168 GeV 15.
On the other hand, the global electroweak fit of the SM shows a preference for a light
Higgs,MH = 101
+32
−26 GeV. It is important to recall that these indirect limits result from
averaging over partly inconsistent data. Related to this, if the ∼ 3 σ deviation in AbFB
were due to a systematic error, it should be removed from the fit, and the minimum
would have a Higgs mass lower than the LEP lower bound, MH = 73
+28
−22 GeV. In this
sense, there is a mild tension between indirect and direct limits [49].
As we have seen before, B vector bosons generate the oblique operator O(3)φ with a
negative coefficient, and since
∆ρ = −α
(3)
φ
2
v2
Λ2
, (18)
they give a positive contribution to the ρ parameter. This has the right sign to neu-
tralize the effect of increasing MH on ρ. In fact, Z
′ bosons have been used in the past
to render a heavy Higgs consistent with EWPD [50], and to release the tension with
the LEP lower bound [51]. The other extra vectors that contribute to O(3)φ are B1 and
W1. The first one gives a contribution of opposite sign, so it favours smaller values of
MH . The contribution of the hypercharged triplet W1 has the same sign as for B, and
can be used to raise the allowed values MH . It also has the virtue of not generating
15It has been noted recently, however, that these exclusion limits should be reconsidered in light of
the large theoretical uncertainties in the production cross sections of the Higgs at Tevatron [48].
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Figure 9: Left: Minimum of the χ2 as a function of the Higgs mass for the SM fit, the
W1 fit and the B fit. Higgs direct searches data are available up to MH = 200 GeV.
Above that value the effect of neutral-boson mixing flattens the curve. Right: From
darker to lighter, confidence regions with ∆χ2 ≤ 2 (blue), 4 (orange) and 6 (95% C.L.)
(green), in the plane parametrized by the Higgs mass and the W1 coupling to the
Higgs.
any other observable operator, which could worsen the quality of the fit. However, the
appearance of this representation seems to require a rather contrived model building.
In Fig. 9 left, we plot the minimum of χ2 as a function of the Higgs mass in three
cases: SM, one extra B and one extra W1. In all cases, we have used the information
from direct searches. The couplings are family universal. The effect of the B and the
W1 vector bosons is apparent: they flatten the distribution when we go beyond the
region disfavoured by the Tevatron searches. This allows to reach large values of MH
with a low cost in χ2, as compared to the SM case. We also observe that, in the case of
B, the larger number of free parameters is used to lower the χ2 with respect to theW1
case. This effect persists in the flat region, thanks to an improvement in the prediction
for LEP 2 hadronic cross sections and for AbFB at the Z pole, which we have already
discussed in Section 4.
The coefficient α
(3)
φ is proportional to the square of the coupling of the vector bosons
to the scalar doublet. Therefore, this coupling must increase when the Higgs mass gets
larger. This correlation is shown, for the W1 boson, in Fig. 9 right, where we display
several confidence regions in the MH - G
φ
W1 plane.
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7 Conclusions
In this paper, we have studied general extra particles of spin 1, concentrating on their
effects in EWPD. Our results are relevant for model-independent searches and also for
explicit models. We have classified all the possibilities that may produce observable
effects, and have written the most general couplings consistent with the SM gauge
symmetry that are linear in the new fields. We have then derived, to dimension six,
the effective Lagrangian that describes the effect of the new vector bosons at energies
smaller than their masses. The result is displayed in Tables 8 to 22. Our analysis
includes the cases of Z ′ and W ′ particles, vector leptoquarks and a few vector particles
that, to the best of our knowledge, had not been considered previously in the literature.
Some of the vector bosons we have studied couple to quarks only, so they are not
constrained by EWPD. However, they may in principle be single-produced and seen as
resonances at Tevatron and LHC [52, 53].
We have performed model-independent electroweak fits of the different types of new
vectors, keeping the new couplings and masses as free parameters. We have studied
scenarios with both family universal and nonuniversal couplings. The main results are
collected in Table 4. In the fits, low-energy and LEP 2 data are crucial to constrain
the different four-fermion interactions that appear upon the integration of the new
particles. This translates into limits on the couplings to fermions that, unlike the ones
from the Z-pole observables, cannot be avoided by making the couplings to the Higgs
very small.
In a rough way, we observe that for all vector multiplets the purely leptonic cou-
plings of the extra vectors are constrained to be pretty small, while the limits on quark
and leptoquark couplings are weaker. Moreover, in some cases the data show a prefer-
ence for pretty large quark couplings, driven by the SM discrepancies with the bottom
forward-backward asymmetry at the Z-pole and with the hadronic cross sections at
LEP 2. Finally, small Higgs couplings are also preferred, at least in the fits with just
one type of extra vector.
We have also examined the implications of including several of these extra vector
bosons at once, and looked for possible cancellations that may relax the electroweak lim-
its. In particular, we have shown that a vector-boson solution to the bottom forward-
backward anomaly is possible in a nonuniversal scenario with extra neutral and charged
singlets. In this case, the charged vectors are needed to keep the couplings to the RH
bottom in the perturbative regime.
An important variable in all the electroweak fits is the mass of the Higgs boson,
which enters logarithmically through radiative corrections. We have kept it as a free
parameter, and imposed the constraints from direct Higgs searches at LEP and Teva-
tron. As in the SM, the fits with new vector bosons favor a light Higgs, close to the
lower bound of 114 GeV. Nevertheless, there are two types of vector bosons (the neu-
tral singlet and the fermiophobic triplet) that can make the electroweak data consistent
with a heavy Higgs, as shown in Fig. 9.
The limits we have obtained are somewhat complementary to the ones from Teva-
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tron. Both restrict the discovery potential of LHC. To simplify the following discussion,
all limits on the masses of the heavy vector bosons are given with the assumption that
the nonvanishing couplings to SM fields have the same strength as the massive gauge
bosons in the SM (∼ 0.2 for leptonic neutral currents). At hadron colliders, the new
vector bosons can be seen as resonances, if kinematically allowed, when the cross section
is high enough to distinguish a bump above the SM backgrounds. The most efficient
process is Drell-Yan, which requires trilinear couplings of an extra neutral vector (Z ′)
with quarks and with leptons. These two kinds of couplings exist only for the singlet B
and for the neutral component of the tripletW. The lower limits from Tevatron on the
mass of neutral vector bosons, coupled to leptons and quarks, are around 1 TeV [54],
and the LHC discovery reach is near 5 TeV, assuming 14 TeV operation and an inte-
grated luminosity of 100 fb−1 [55]. For
√
s = 7 TeV and an integrated luminosity of
100 pb−1 it should be possible to put bounds above 1 TeV. The limits from precision
tests are in general around this value (see Table 4 and 5). On the other hand, charged
vectors (W ′) are best seen as resonances produced by quark interactions and decaying
into a charged lepton and a neutrino. This is only possible for the representation W
and, if there were sufficiently light RH neutrinos, B1 [56]. Tevatron puts limits around
1 TeV [57], while LHC could discover aW ′ with mass up to 4 TeV for
√
s =14 TeV and
a few fb−1 of integrated luminosity [58]. The EWPD (for W, with leptonic coupling
g ≈ 0.66) give a bound around 2.5 TeV.
It is also possible that the new vectors be leptophobic. This is automatic for many
of the representations considered here. In this case, the most relevant decay mode
is V → jj. The Tevatron limits [59] and the LHC reach [60] are somewhat smaller
than when the vectors couple to leptons. Since the quark couplings and the masses of
the extra vectors are unconstrained by EWPD, the available parameter space for LHC
discovery is pretty large in this case.
Some of the representations we have studied couple leptons to quarks. If there
is enough available phase space, these vector leptoquarks can be pair produced at
hadron colliders via renormalizable coupling to gluons in the covariant kinetic term,
Eq. (4). This interaction does not contribute to the dimension-six effective Lagrangian,
so it is not seen, in our approximation, by EWPD. Single production through trilinear
couplings, which are constrained by EWPD, is also possible [61]. The lower limits
on leptoquark masses from Tevatron are around 250 GeV [62]. On the other hand,
leptoquarks coupled to the first family could be singly produced at HERA via trilinear
couplings, and their nonobservation puts a lower bound of 290 GeV on their mass [63].
The limits on trilinear couplings that we have derived here, making use of low-energy
and LEP 2 data, depend a lot on the particular representation of the vector leptoquark,
and on the flavor structure of the couplings. They range from ∼ 70 GeV to 830 GeV
at 95% C.L. assuming a generic coupling gψ1ψ2V = 0.1 (see Table 4) .
The vectors bosons L only have leptonic couplings and cannot be seen at hadron
colliders. At the ILC or muon colliders, they would only appear in the t channel, since
they carry two lepton-number units. On the other hand, the vectors W1 only interact
with fermions through their mixing with the SM gauge bosons. Even if this mixing can
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be relatively large for a heavy Higgs, this vector boson is basically invisible to hadron
colliders. We should finally mention that, in principle, other exotic vector bosons in
representations not considered here could exist. They cannot be singly produced at
colliders, nor contribute significantly to EWPD. However, if they were light enough,
they could be pair produced. These exotic vector bosons, if coupled to gluons, would
be seen as jets generated by their radiation.
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A Basis of dimension-six operators
As indicated in Section 3, we basically use the basis of dimension-six operators pre-
sented in [19]. In Table 7 we collect those operators that arise from the integration of
any of the vector bosons in Table 1. The table contains some operators that were not
included in [19] because they violate B and L (but preserve B − L).
All the interactions that can arise in the extensions of the SM considered here can
be classified as:
1. Four-fermion interactions, with different combinations of chiralities (LLLL, RRRR
and LRRL).
2. Operators built exclusively with scalars (S operators). For notational purposes
we have also introduced the dimension-four operator (φ†φ)2, which receives con-
tributions from some extra vectors.
3. Operators made of scalars, gauge bosons (or derivatives) and fermion fields (SVF
operators).
4. Operator with only scalars and fermions (SF operators).
5. Operators with only scalars and gauge bosons (or derivatives) (Oblique operators).
Even though it does not appear in the integration of the extra vectors at tree-level
when we write the results in our basis, we have also introduced the oblique operator
OWB, since it is mentioned in the discussion.
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Operator Notation Operator Notation
L
L
L
L
1
2
(
lLγµlL
) (
lLγ
µlL
) O(1)ll 12 (lLγµσalL) (lLγµσalL) O(3)ll
1
2
(qLγµqL) (qLγ
µqL) O(1,1)qq 12 (qLγµσaqL) (qLγµσaqL) O(1,3)qq(
lLγµlL
)
(qLγ
µqL) O(1)lq
(
lLγµσalL
)
(qLγ
µσaqL) O(3)lq
1
2
(qLγµλAqL) (qLγ
µλAqL) O(8,1)qq 12 (qLγµσaλAqL) (qLγµσaλAqL) O
(8,3)
qq
R
R
R
R
1
2
(eRγµeR) (eRγ
µeR) Oee
1
2
(uRγµuR) (uRγ
µuR) O(1)uu 12
(
dRγµdR
) (
dRγ
µdR
) O(1)dd
(eRγµeR) (uRγ
µuR) Oeu (eRγµeR)
(
dRγ
µdR
) Oed
(uRγµuR)
(
dRγ
µdR
) O(1)ud
1
2
(uRγµλAuR) (uRγ
µλAuR) O(8)uu 12
(
dRγµλAdR
) (
dRγ
µλAdR
) O(8)dd
(uRγµλAuR)
(
dRγ
µλAdR
) O(8)ud
L
R
R
L
(
lLeR
)
(eRlL) Ole (qLeR) (eRqL) Oqe(
lLuR
)
(uRlL) Olu
(
lLdR
) (
dRlL
) Old
(qLuR) (uRqL) O(1)qu (qLdR)
(
dRqL
) O(1)qd(
lLeR
) (
dRqL
) Oqde
(qLλAuR) (uRλAqL) O(8)qu (qLλAdR)
(
dRλAqL
) O(8)qd
B
-L ǫABC
(
lLiσ2q
c A
L
) (
dBRu
c C
R
)
Olqdu ǫABC
(
qBL iσ2q
c C
L
) (
eRu
c A
R
) Oqqeu
(
φ†φ
)2 Oφ4 13 (φ†φ)3 Oφ6
S
V
F
(
φ†iDµφ
) (
lLγ
µlL
) O(1)φl (φ†σaiDµφ) (lLγµσalL) O(3)φl(
φ†iDµφ
)
(eRγ
µeR) O(1)φe(
φ†iDµφ
)
(qLγ
µqL) O(1)φq
(
φ†σaiDµφ
)
(qLγ
µσaqL) O(3)φq(
φ†iDµφ
)
(uRγ
µuR) O(1)φu
(
φ†iDµφ
) (
dRγ
µdR
) O(1)φd(
φT iσ2iDµφ
)
(uRγ
µdR) Oφud
S
F
(
φ†φ
) (
lL φ eR
) Oeφ(
φ†φ
) (
qL φ˜ uR
)
Ouφ
(
φ†φ
)
(qL φ dR) Odφ
O
b
li
q
u
e
φ†φ (Dµφ)†Dµφ O(1)φ
(
φ†Dµφ
)
((Dµφ)† φ) O(3)φ
φ†σaφ W
a
µνB
µν OWB
Table 7: Dimension-six operators arising from the integration of the heavy vector
bosons considered in the text. We also include the dimension-four operator Oφ4 and
the dimension-six operator OWB for notational purposes.
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B Operator coefficients in the effective Lagrangian
Here, we collect the results from the integration of each of the extra vector fields in
Table 1. We give in Tables 8 to 22 the corresponding contributions to the dimension-
six operator coefficients in the effective Lagrangian. The explicit expressions for the
currents coupled to the different new vectors are also written. We generically write
LH and RH fermions as F = lL, qL and f = eR, uR, dR, respectively, and use ψ to
denote any SM fermion. Unless otherwise stated in the tables, these generic symbols
run over all the possibilities. As stressed in Section 2, in order to apply our results the
heavy vectors must be in the basis with diagonal mass and kinetic terms. Then, the
contributions from several extra vectors are summed independently in the coefficients.
For only one of the SM replicas B, W and G, we can easily recover the effect of
kinetic mixing with the SM fields. Since the rescaling of the heavy vector field A in
Eq. (8) affects in the same way the current JA and the heavy mass MA, we only need
to perform the following replacements in the formulas in Tables 8, 9 and 10:
(gψ,φB )ij → (gψ,φB )ij + g′gBB Yψ,φδij
(gF,φW )ij → (gF,φW )ij + ggWW δij (19)
(gψG )ij → (gψG )ij + gsgGG δij
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Bµ ∼ (1, 1)0
JBµ = (g
l
B)ij l
i
Lγµl
j
L + (g
q
B)ijq
i
Lγµq
i
L + (g
e
B)ije
i
Rγµe
j
R + (g
u
B)iju
i
Rγµu
j
R + (g
d
B)ijd
i
Rγµd
j
R+
+ (gφB φ
†iDµφ+h.c.)
Four-Fermion Operators
• LLLL • RRRR
(
α
(1(,1))
FF ′
)
ijkl
Λ2
= −(g
F
B )ij
(
gF
′
B
)
kl
M2
B
(
α
(1)
ff ′
)
ijkl
Λ2
= −
(
gf
B
)
ij
(
gf
′
B
)
kl
+
(
gf
B
)
il
(
gf
′
B
)
kj
δff ′,ee
(1+δff ′,ee)M2B
• LRRL
(αFf)ijkl
Λ2 =
2(gFB )il
(
gf
B
)
kj
M2
B
(Ff = le, lu, ld, qe)
(
α
(1)
qf
)
ijkl
Λ2
=
2(gqB)il
(
gf
B
)
kj
3M2
B
(f = u, d)
(
α
(8)
qf
)
ijkl
Λ2
=
(gqB)il
(
gf
B
)
kj
M2
B
SVF and SF Operators Oblique Operators
(
α
(1)
φψ
)
ij
Λ2
= −
(
gψ
B
)
ij
gφ
B
M2
B
α
(1)
φ
Λ2
= −
Re
[(
gφ
B
)2]
M2
B
(αuφ)ij
Λ2
=
(
gφ
B
)2
2M2
B
V †ijy
u
jj
α
(3)
φ
Λ2
= −2Re
[
gφ
B
]2
M2
B
(αfφ)ij
Λ2
=
(
α†
uφ
)
ij
Λ2
yfiiδij
Vijyujj
αφ6
Λ2
=
6λφRe
[(
gφ
B
)2]
M2
B
(f = e, d) αφ4
Λ2
= − µ
2
φ
6λφ
αφ6
Λ2
Table 8: Operators arising from the integration of a B vector field.
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Wµ ∼ (1,Adj)0
JWa µ = (g
l
W)ij l
i
Lγµ
σa
2 l
j
L + (g
q
W )ijq
i
Lγµ
σa
2 q
j
L + (g
φ
W φ
† σa
2 iDµφ+ h.c.)
Four-Fermion Operators
• LLLL(
α
((1),3)
FF ′
)
ijkl
Λ2
= −(g
F
W)ij
(
gF
′
W
)
kl
4M2
W
SVF and SF Operators Oblique Operators
(
α
(3)
φF
)
ij
Λ2 = −
(gFW)ijg
φ
W
4M2
W
α
(1)
φ
Λ2 = −
Re
[(
gφ
W
)2]
+2
∣∣∣gφW
∣∣∣2
4M2
W
(αuφ)ij
Λ2 =
(
gφ
W
)2
8M2
W
V †ijy
u
jj
α
(3)
φ
Λ2 =
Im
[
gφ
W
]2
2M2
W
(αfφ)ij
Λ2
=
(
α†
uφ
)
ij
Λ2
yfiiδij
Vijyujj
αφ6
Λ2
= 6λφ
Re
[(
gφ
W
)2]
4M2
W
(f = e, d) αφ4
Λ2
=− µ
2
φ
6λφ
αφ6
Λ2
Table 9: Operators arising from the integration of a W vector field.
Gµ ∼ (Adj, 1)0
JGA µ = (g
q
G)ijq
i
Lγµ
λA
2 q
j
L + (g
u
G)iju
i
Rγµ
λA
2 u
j
R + (g
d
G)ijd
i
Rγµ
λA
2 d
j
R
Four-Fermion Operators
• LLLL • RRRR
(
α
(8,1)
qq
)
ijkl
Λ2
= −(g
q
G)ij(g
q
G)kl
4M2
G
(
α
(8)
ff ′
)
ijkl
Λ2
= −
(
gf
G
)
ij
(
gf
′
G
)
kl
4M2
G
(ff ′ = uu, dd, ud)
• LRRL(
α
(1)
qf
)
ijkl
Λ2
=
8(gqG)il
(
gf
G
)
kj
9M2
G
(f = u, d)(
α
(8)
qf
)
ijkl
Λ2 = −
(gqG)il
(
gf
G
)
kj
3M2
G
Table 10: Operators arising from the integration of a G vector field.
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Hµ ∼ (Adj,Adj)0
JHa,A µ = (g
q
G)ijq
i
Lγµ
σa
2
λA
2 q
j
L
Four-Fermion Operators
• LLLL(
α
(8,3)
qq
)
ijkl
Λ2
= −(g
q
H)ij(g
q
H)kl
16M2
H
Table 11: Operators arising from the integration of a H vector field.
B1
µ
∼ (1, 1)1
JB
1
µ =
(
gduB1
)
ij
diRγµu
j
R + g
φ
B1
iDµφ
T iσ2φ
Four-Fermion Operators
• RRRR
(
α
(1)
ud
)
ijkl
Λ2
= −
(
gdu
B1
)†
ij
(
gdu
B1
)
kl
3M2
B1
(
α
(8)
ud
)
ijkl
Λ2
= −
(
gdu
B1
)†
ij
(
gdu
B1
)
kl
2M2
B1
SVF Operators Oblique Operators
αφud
Λ2
=
gφ
B1
(
gdu
B1
)†
ij
M2
B1
α
(1)
φ
Λ2
=−3
∣∣∣gφ
B1
∣∣∣2
2M2
B1
α
(3)
φ
Λ2
=
∣∣∣gφ
B1
∣∣∣2
M2
B1
Table 12: Operators arising from the integration of a B1 vector field.
W1
µ
∼ (1,Adj)1
JW
1
µ = g
φ
W1
iDµφ
T iσ2
σa
2 φ
Oblique Operators
α
(1)
φ
Λ2 = −
∣∣∣gφ
W1
∣∣∣2
4M2
W1
α
(3)
φ
Λ2 = −
∣∣∣gφ
W1
∣∣∣2
4M2
W1
Table 13: Operators arising from the integration of a W1 vector field.
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G1
µ
∼ (Adj, 1)1
JG
1
µ =
(
gduG1
)
ij
diR
λA
2 γµu
j
R
Four-Fermion Operators
• RRRR
(
α
(1)
ud
)
ijkl
Λ2
= −
4
(
gdu
G1
)†
il
(
gdu
G1
)
kj
9M2
G1
(
α
(8)
ud
)
ijkl
Λ2
=
(
gdu
G1
)†
il
(
gdu
G1
)
kj
6M2
G1
Table 14: Operators arising from the integration of a G1 vector field.
Lµ ∼ (1, 2)−3
2
JLµ =
(
gelL
)
ij
ec iR γµl
j
L
Four-Fermion Operators
• LRRL
(αle)ijkl
Λ2
= −2(g
el
L )
†
ik
(gelL )jl
M2
L
Table 15: Operators arising from the integration of a L vector field.
U2
µ
∼ (3, 1)2
3
JU
2
µ =
(
gedU2
)
ij
eiRγµd
j
R + (g
lq
U2
)ij liLγµq
j
L
Four-Fermion Operators
• LLLL
(
α
(1)
lq
)
ijkl
Λ2
= −
(
glq
U2
)†
kj
(
glq
U2
)
il
2M2
U2
(
α
(3)
lq
)
ijkl
Λ2
=
(
α
(1)
lq
)
ijkl
Λ2
• RRRR • LRRL
(αed)ijkl
Λ2
= −
(
ged
U2
)†
kj
(
ged
U2
)
il
M2
U2
(αqde)ijkl
Λ2
=
2
(
ged
U2
)†
kj
(
glq
U2
)
il
M2
U2
Table 16: Operators arising from the integration of a U2 vector field.
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U5
µ
∼ (3, 1)5
3
JU
5
µ =
(
geuU5
)
ij
eiRγµu
j
R
Four-Fermion Operators
• RRRR
(αeu)ijkl
Λ2
= −
(
geu
U5
)†
kj
(
geu
U5
)
il
M2
U5
Table 17: Operators arising from the integration of a U5 vector field.
Q1
µ
∼ (3, 2)1
6
JQ
1
µ =
(
gulQ1
)
ij
uc iR γµl
j
L +
(
gdq
Q1
)
ij
ǫABCd
i B
R γµiσ2q
c j C
L
Four-Fermion Operators
• LRRL
(αlu)ijkl
Λ2
= −
2
(
gul
Q1
)†
ik
(
gul
Q1
)
jl
M2
Q1(
α
(1)
qd
)
ijkl
Λ2
=
4
(
gdq
Q1
)†
lj
(
gdq
Q1
)
ki
3M2
Q1
(
α
(8)
qd
)
ijkl
Λ2
= −
(
gdq
Q1
)†
lj
(
gdq
Q1
)
ki
M2
Q1
• LRRL: B−L
(αlqdu)ijkl
Λ2 =
2
(
gul
Q1
)†
il
(
gdq
Q1
)
kj
M2
Q1
Table 18: Operators arising from the integration of a Q1 vector field.
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Q5
µ
∼ (3, 2)−5
6
JQ
5
µ =
(
gdlQ5
)
ij
dc iR γµl
j
L +
(
geq
Q5
)
ij
ec iR γµq
j
L +
(
guq
Q5
)
ij
ǫABCui BR γµiσ2q
c j C
L
Four-Fermion Operators
• LRRL
(αld)ijkl
Λ2 = −
2
(
gdl
Q5
)†
ik
(
gdl
Q5
)
jl
M2
Q5
(αqe)ijkl
Λ2 = −
2
(
geq
Q5
)†
ik
(
geq
Q5
)
jl
M2
Q5
(αqde)ijkl
Λ2
= −
2
(
gdl
Q5
)†
ik
(
geq
Q5
)
jl
M2
Q5
(
α
(1)
qu
)
ijkl
Λ2
=
4
(
guq
Q5
)†
lj
(
guq
Q5
)
ki
3M2
Q5
(
α
(8)
qu
)
ijkl
Λ2
=−
(
guq
Q5
)†
lj
(
guq
Q5
)
ki
M2
Q5
• LRRL: B−L
(αlqdu)ijkl
Λ2
=
2
(
gdl
Q5
)†
ik
(
guq
Q5
)
lj
M2
Q5
(αqqeu)ijkl
Λ2
=−
2
(
geq
Q5
)†
ik
(
guq
Q5
)
lj
M2
Q5
Table 19: Operators arising from the integration of a Q5 vector field.
Xµ ∼ (3,Adj)2
3
JXµ =
(
glqX
)
ij
liLγµ
σa
2 q
j
L
Four-Fermion Operators
• LLLL
(
α
(1)
lq
)
ijkl
Λ2 = −
3
(
glq
X
)†
kj
(
glq
X
)
il
8M2
X
(
α
(3)
lq
)
ijkl
Λ2 =
(
glq
X
)†
kj
(
glq
X
)
il
8M2
X
Table 20: Operators arising from the integration of a X vector field.
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Y1
µ
∼
(
6, 2
)
1
6
JY
1
µ =
(
gdq
Y1
)
ij
d
i(A|
R γµiσ2q
c j|B)
L
Four-Fermion Operators
• LRRL
(
α
(1)
qd
)
ijkl
Λ2
= −
4
(
gdq
Y1
)†
lj
(
gdq
Y1
)
ki
3M2
Y1
(
α
(8)
qd
)
ijkl
Λ2
= −
(
gdq
Y1
)†
lj
(
gdq
Y1
)
ki
2M2
Y1
Table 21: Operators arising from the integration of a Y1 vector field. (A| · · · |B) =
1
2
(AB +BA) stands for the symmetric combination of color indices.
Y5
µ
∼
(
6, 2
)
−
5
6
JY
5
µ =
(
guq
Y5
)
ij
u
i(A|
R γµiσ2q
c j|B)
L
Four-Fermion Operators
• LRRL
(
α
(1)
qu
)
ijkl
Λ2
= −
4
(
guq
Y5
)†
lj
(
guq
Y5
)
ki
3M2
Y5
(
α
(8)
qu
)
ijkl
Λ2
= −
(
guq
Y5
)†
lj
(
guq
Y5
)
ki
2M2
Y5
Table 22: Operators arising from the integration of a Y5 vector field.
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C Experimental data and fit method
In this appendix we briefly describe the data included in our fits. Table 23 gathers, and
updates in some cases, all the experimental measurements used in references [23, 64].
This includes:
• Z-pole observables: Z decay widths, LR and forward-backward asymmetries, etc.
• W data: W mass and width, constraints on the unitarity of the first row of the
CKM matrix.
• Low-energy effective couplings from neutrino scattering with nucleons and elec-
trons and from parity violation in atoms and in Møller scattering
The first class of observables provides the strongest constraints on extra corrections to
trilinear couplings. The low-energy data, in turn, puts restrictions on possible four-
fermion interactions, whose effects are only noticeable away from the Z resonance. This
table also shows the values for the experimental determinations of the SM parameters
entering in the fit, such as the top mass or the strong coupling constant at the Z peak.
We also include in our fits results from the measurements at LEP 2 of e+e− → ff
at energies above MZ [36, 79]. Although the precision for each of these measurements
is in general smaller than for other observables, this is compensated in the χ2 by the
large amount of available data. Therefore, they are a valuable source of constraints to
four-fermion interactions, complementary to those coming from the low-energy data.
They cannot compete with the Z-pole data, however, in constraining the trilinear cou-
plings.
We have used ZFITTER 6.43 [80] for the computation of the SM predictions
for observables. Some low-energy observables not available (or not well described)
in that code, such as Møller scattering, have been computed with our own dedicated
routines. The new physics effects induced by the dimension six operators in the effective
Lagrangian are summed to the SM value. As discussed in the main text, in most
cases we only incorporate tree-level contributions from new physics and keep their
interference with the SM amplitudes. When we find large couplings we also include
quadratic corrections in the new physics for LEP 2 observables. In general, we keep
MH , mt and αs (MZ) as floating parameters in all our fits, as far as the Z-pole and low-
energy observables are concerned, whileMZ and ∆α
(5)
had (MZ) are kept fixed at their SM
best-fit values. On the other hand, these SM parameters are fixed in the predictions
for the LEP 2 data since, as we have checked, the effect of their variation is small. We
have included, however, the leading oblique correction from the variation of the Higgs
mass, as this is the parameter with the largest uncertainty.
Although the Higgs boson has not been discovered yet, the results from direct
searches at LEP 2 [46] and Tevatron [47] constraints the possible values forMH . These
results have been also included in our fits.
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In order to estimate the values of the free parameters of each class of models, which
are generically denoted by θ in the following, we test the predictions for the observables
against the experimental data using a χ2 analysis. Specifically, we compute the quantity
χ2 (θ) = [Oexp −Oth (θ)]T U−1exp [Oexp −Oth (θ)] , (20)
where (Uexp)ij = σiρijσj is the covariance matrix, with σ and ρ the experimental errors
and correlation matrix. Oexp denotes the experimental values for the observables and
Oexp (θ) the theoretical prediction depending on the free parameters θ. Experimental
correlations can be obtained from the references in the tables. The minimization and
computation of limits and contours have been performed with the aid of the program
MINUIT [81].
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Observable Experimental Value Standard Model Pull
mt [GeV] [66] 173.1± 1.3 173.4 −0.3
∆α
(5)
had
(
M2Z
)
[67, 68] 0.02760 ± 0.00014 0.02760 0
αs
(
M2Z
)
[69] 0.1184 ± 0.0007 0.1184 0
MW [GeV] [70] 80.399± 0.023 80.367 +1.4
ΓW [GeV] 2.098 ± 0.048 2.091 +0.1
Br (W → eν) [65] 0.1075 ± 0.0013 0.1083 −0.6
Br (W → µν) 0.1057 ± 0.0015 −1.7
Br (W → τν) 0.1125 ± 0.0020 +2.1
MZ [GeV] [71] 91.1876 ± 0.0021 91.1876 0
ΓZ [GeV] 2.4952 ± 0.0023 2.4955 −0.1
σhad [nb] 41.541± 0.037 41.479 +1.7
Re 20.804± 0.050 20.740 +1.3
Rµ 20.785± 0.033 20.740 +1.4
Rτ 20.764± 0.045 20.787 −0.5
AeFB 0.0145 ± 0.0025 0.0163 −0.7
AµFB 0.0169 ± 0.0013 +0.5
AτFB 0.0188 ± 0.0017 +1.5
Ae (SLD) [71] 0.1516 ± 0.0021 0.1474 +2.0
Aµ (SLD) 0.142 ± 0.015 −0.4
Aτ (SLD) 0.136 ± 0.015 −0.8
Ae (Pτ ) [71] 0.1498 ± 0.0049 +0.5
Aτ (Pτ ) 0.1439 ± 0.0043 −0.8
Rb [71] 0.21629 ± 0.00066 0.21580 +0.7
Rc 0.1721 ± 0.0030 0.1722 −0.1
AbFB 0.0992 ± 0.0016 0.1033 −2.6
AcFB 0.0707 ± 0.0035 0.738 −0.9
Ab 0.923 ± 0.020 0.935 −0.6
Ac 0.670 ± 0.027 0.668 +0.1
AsFB [71] 0.098 ± 0.011 0.1034 −0.5
As 0.895 ± 0.091 0.936 −0.5
Ru/Ru+d+s 0.258 ± 0.045 0.282 −0.5
QhadFB [71] 0.0403 ± 0.0026 0.0423 −0.8
sin2 θlepteff [72] 0.2315 ± 0.0018 0.2315 0
g2L [73] 0.3012 ± 0.0013 0.3039 −2.0
g2R 0.0310 ± 0.0010 0.03013 +0.9
θL 2.500 ± 0.033 2.46 +1.1
θR 4.58± 0.41 5.18 −1.5
gνeV [73] −0.040± 0.015 −0.0398 0
gνeA −0.507± 0.014 0.507 0
QW
(
133
55 Cs
)
[74] −73.16± 0.35 −73.14 −0.1
QW
(
205
81 Tl
)
[75] −116.4 ± 3.6 −116.7 +0.1
cos γC1d−sinγC1u [34] 0.342 ± 0.063 0.388 −0.7
sinγC1d+cos γC1u −0.0285± 0.0043 −0.0335 +1.2
QW (e) (Møller) [76] −0.0403± 0.0053 −0.0471 +1.3
∑
i |Vui|
2 [77] 0.9999 ± 0.0006 1 −0.2
σνe→νµ/σνe→νµSM [78] 0.981 ± 0.057 1 −0.3
Table 23: Measurements of the observables included in our fits, compared with the
best-fit values in the SM.
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